Introduction
Occlusal activity in the oral cavity can lead to contact loads that are sufficient to induce serious damage in natural teeth ͓1,2͔ and dental restorations ͓3͔. Almost 20% of dental restorations with resin retained ceramics fail within the first 5 years of service in the oral cavity ͓4͔. The major clinical failure mode is by subsurface cracking from the interface between the crown and the dental cement ͓5,6,7͔. Figure 1 shows an example of such a crack after 5 years of service. The underlying mechanisms that lead to the formation of such cracks are the subject of this paper.
Due to the complex structure and translucent nature of actual dental restorations, recent efforts have been made by Lawn and co-workers ͓8,9͔ and Shrotriya et al. ͓10͔ to use transparent flat multilayered structures ͑with equivalent elastic properties͒ in the study of contact-induced damage. These generally consist of transparent glass layers or translucent ceramic crown materials that are bonded to polycarbonate or ceramic-filled polymer foundation layers with equivalent elastic properties to dentin.
Within the above framework, it is important to think of the integrated deformation response of the composite multilayers, i.e., dental restorations as structures with layer components that contribute to the overall deformation. Since the joint ͑dental cement͒ and foundation layers ͑dentin, polycarbonate or ceramic-filled polymers͒ may undergo viscoelastic or viscoplastic deformation, the integrated composite deformation may also be timedependent.
This study presents a combined experimental and computational study of deformation and cracking/pop-in in model multilayers that are relevant to dental restorations. These include glass/ cement/ceramic-filled polymer and zirconia/cement/ceramic-filled polymer structures. Hertzian indentation fatigue tests were performed on glass/cement/ceramic-filled polymer layers to simulate the potential effects of occlusal contacts under cyclic loading. Subsurface/pop-in cracks were found at the interface between glass and epoxy. A combination of finite element and analytical models were then used to explain the observed damage mechanisms.
Compression creep experiments were used to measure the deformation response of the join and foundation layers. The measured deformation response was studied by finite element simulations of the initial stages of contact-induced deformation. The simulations show that contact-induced deformation of the join and foundation layers can lead to stress build-up and ratcheting in the top elastic layers. Finally, a viscous flow induced crack growth model is presented to explain the crack propagation in the model multilayered structures.
Materials
The trilayers of sodalime glass/epoxy/ceramic-filled polymers and zirconia/epoxy/ceramic-filled polymer were fabricated from 9 mm diameter disks of the top and foundation layers. The glass was procured from Corning Inc., Corning, NY, while the biomedical grade, 3 mol % yttria-stabilized zirconia ͑designated as zirconia in this paper͒ was 1 mm thickness. The join material, RelyX™ ARC, was procured from 3M Company ͑St. Paul, MN͒. The 9 mm disk specimens were fabricated by Chand Associates, Inc., Worcester, MA, using slow grinding techniques. After fabrication, the bottom surfaces of the top glass or zirconia layers were ground with grit 600 sand papers prior to cleaning with ultrasonic cleaner.
The layers were then etched and bonded to the underlying ceramic-filled polymer foundation with the cement resin. A shim was used to control the 35 m thickness of the join layers. A visible blue light cure was also used to cure the resin. A schematic of the resulting specimen geometry is presented in Fig. 2 .
Experimental Procedures
Two types of experiments were performed. The first involved the Hertzian indentation loading of the trilayers under cyclic loading. These were used to study the Hertzian indentation induced contact damage in multilayers. The second set of experiments involved the use of static compressive loads in the measurements of the time-dependent deformation response of the trilayers and foundation layers. Since the elastic properties of the top layers were known, the viscoelastic properties of the join layers were also determined by the subtraction of the join and foundation deformation components.
Fatigue Experiments.
Hertzian contact fatigue was used to simulate occlusal cyclic contacts ͓Fig. 3͑a͔͒. The experimental setup is similar to that described by Cai et al. ͓11͔ . In an effort to view the cracks with an in situ optical microscope and a Questar telescope ͑Questar Corporation, New Hope, PA͒, glass was used for the top layer of the trilayer structure ͑Fig. 2͒. The Young's modulus of glass is around 70 GPa, which is similar to enamel and some ceramics for crowns ͓3͔. Glass was used here to facilitate the visual observation of subsurface cracks that cannot be viewed easily through actual dental materials, which are opaque. The fatigue experiments were performed in a servohydraulic testing machine. They were conducted at room temperature at a cyclic frequency of 5 Hz. The initial cyclic contact experiments involved cyclic loading between 20 and 120 N for a few million cycles ͑by rough estimation, 1 million cycles represents several years of occlusal loading͒. The peak loads were then increased in incremental stages, from 120 to 135, 140, 145 N. For each incremental loading step, the specimens were cyclically deformed for ϳ1 million cycles. The onset of cracking was observed with an in-situ Questar telescope and an optical microscope after crack initiation. Sharp changes in the local sample compliance ͑inferred from the load-displacement plots͒ were also used to identify the onset of crack growth/pop-in.
Creep Experiments.
A creep testing system was designed and built, as shown in Fig. 3͑b͒ . A constant load of 120 N was then applied to the samples for 150 h, and then released. During loading, the time-dependent deformation of the specimen was measured using a capacitance gauge. The measured displacements were also stored using a computer data acquisition system. The initial experiments were performed on trilayers consisting of zirconia, dental cement and a ceramic-filled polymer foundation ͑Fig. 2͒. Subsequent experiments were then performed on foundation specimens ͑ceramic filled polymer specimens͒. These experiments were used to measure the time dependence of strain/ displacement at a constant load. A schematic of the compression experiments is presented in Fig. 3͑b͒ .
The second type of experiment involved the measurement of the time-dependence of displacement under Hertzian indentation loading ͓Fig. 3͑a͔͒. These were used to study the possible effects of contact loading with a fixed applied force of 120 N. These experiments were performed only on the trilayered structures ͑Fig. 2͒. They involved loading for 160 h in the creep testing system, prior to unloading. As before, a capacitance gauge was used to measure the time-dependent deformation of the multilayered structure.
It is important to note here that, since the top elastic layers ͑glass or ceramics͒ are much stiffer than the others, they do not 
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Transactions of the ASME affect the viscoelastic properties of the join and foundation layers. Therefore, the creep experiments were only performed on one of these systems and the foundation layer, i.e., the zirconia/cement/ ceramic-filled polymer system and the ceramic-filled polymer foundation layers.
Results and Discussion

Fatigue Damage.
To simulate the contact-induced loading due to occlusal activity in the oral activity, cyclic loads were applied to the cylindrical glass/cement/ceramic-filled polymeric specimens. The resulting composite deformation of the trilayer system was measured with a capacitance displacement gauge. Typical plots of displacement versus time are obtained from the capacitance gauge presented in Fig. 4 . These show the displacement-time behavior associated with the different cyclic loading ranges. A sharp change in compliance is observed after ϳ0.6 million cycles during loading between 20 and 140 N ͑Fig. 5͒. The change in compliance increases with increased cycling, and is associated with sub-surface crack growth from the interface between the epoxy and the top glass layer ͑Fig. 5͒.
Creep of Dental
Multilayers. In order to explain the possible role of creep in the contact-induced deformation of dental multilayers, the creep properties of the ceramic-filled polymer and cement layers were measured. Plots of displacement versus time obtained for the ceramic-filled polymer foundation and the trilayer system are presented in Figs. 6. Since the zirconia top layer only deforms elastically, the deformation-time response of the cement layer can be determined by subtracting out the elastic deformation of the top layer and the time-dependent deformation of the foundation ͑ceramic-filled polymer layer͒.
Using the time-dependent displacement plots, the viscosity and modulus associated with the ''solid'' spring-dashpot model ͑Fig.
7͒ were obtained. The measured viscoelastic parameters are summarized in Table 1 . These show clearly that the dentinlike polymer and cement creep under constant loads.
The above results are consistent with prior reports by Balooch et al. ͓12͔, who measured the short-term viscous behavior ͑up to 300 s͒ of dentin. However the viscosity reported by Balooch et al. ͓12͔ for dentin is several orders of magnitude lower than that obtained in this study. Hence, the creep rates in trilayers containing dentin would be expected to be faster than those reported here for trilayers containing ceramic-filled polymer layers. Figure 8 shows the measured displacements after the constant Hertzian indentation loading of the trilayer structure at a fixed load of 120 N. This shows clearly that the structure creeps at this load. As before, creep occurs in the cement layer and polymer layer. However, no cracking was observed to initiate from the interface after 160 h of creep deformation.
In an effort to understand the creep deformation, and the absence of cracking phenomena under Hertzian indentation loading, the finite element package, ABAQUS ͑Hibbitt, Karlsson and Sorensen, Inc., Pawtucket, RI͒, was used to simulate the stress distribution in the trilayer structure. The basic material property data that were used in the simulations is summarized in Table 1 . The simulations were done for spherical indentation with a spherical ball with a diameter of 20 mm, subjected to a fixed load of 120 N. The computed maximum principal stress distributions at the onset of load application are presented in Fig. 9 . This shows clearly that there are two high tensile stress areas in the top ceramics layer: one is near the contact surface and the other is near the ceramic/ cement interface. This has been demonstrated by many researchers, such as Lawn et al. ͓13͔. But the major clinical failure mode is by sub-surface cracking from the interface between the crown and the dental cement ͓5,6,7͔, which is closely related to the high tensile stress area near the ceramic/cement interface.
The maximum principal stress near the ceramic/cement interface in the ceramic layer was also computed as a function of time, under a constant load, 120 N. The results are summarized in Fig.   10 . The tress increases with time. However, it approaches a plateau of ϳ109 MPa. This is just below the stress required to cause cracking in the top glass or ceramic layers ͓14͔. It may, therefore, explain the absence of cracking in the creep experiments.
Contact Fatigue Mechanisms.
In an effort to better understand the mechanisms, a combined finite element and analytical modeling framework was used. Three possible mechanisms of stress build-up were considered: i. Stress build up due to viscous deformation of the join and foundation layers; ii. Plastic deformation in dental cement due to ratcheting; iii. Subcritical crack growth in the ceramic layer.
(i) Stress Build-up due to Viscous Deformation. The first mechanism of viscous deformation does not cause adequate stress build-up to induce subsurface cracking by itself. This is shown clearly by the experimental results ͑Fig. 8͒ and the finite element simulations of stress build up ͑Fig. 10͒ under static loading.
(ii) Plastic Deformation due to Ratcheting. The second mechanism of plastic ratcheting can lead to more rapid stress build-up in the ceramic layer. Figure 11 is the finite element simulation of principal stress increment with load cycles between Ϫ20 N and Ϫ120 N. The cement is assumed to be elastic and perfectly plastic materials, with yield strength of 5 MPa. We can see that if there are no defects on the bottom surface of the top layer ceramic, the principal stress does not increase with increased load cycles at this load range and yield strength. However, when a defect is introduced, the principal stress increases rapidly with increased load cycles. The stress increment is due to plastic strain accumulation of the cement layer ͓15͔. This phenomenon, called ratcheting, has recently been discovered in microelectronic structures ͓15͔. In the current study, ratcheting was shown to be significant when flaws were present at the bottom of the top ceramic layer. In such cases, ratcheting can occur, resulting in stress build-up at much faster rates than those observed in the absence of flaws ͑Fig. 11͒. The tensile stress build-up in the top ceramic layer may, ultimately, be sufficient to cause cracking. Hence, the above finite element results suggest that ratcheting may be an important factor in the fatigue of damage of dental multilayers. If this is the case, one way of engineering fatigue resistance would be to select combinations of materials and multilayered geometries that can lead to ''shakedown'' ͓16͔ under occlusal loading. In ''shakedown'' condition, the stress increment will stop after a certain number of load cycles. If the final maximum stress does not high enough to cause cracking, this structure is safe. This is clearly a challenge for future work. (iii) Subcritical Crack Growth. The third possible mechanism of fatigue damage is by subcritical crack growth. This may occur by stress corrosion cracking of the ceramic layer or by a mechanics-driven crack growth mechanism. The possibility of stress corrosion cracking in glass and zirconia has been demonstrated by a number of researchers ͓17,18͔. Such mechanisms are likely to occur during occlusal activity in the saline environment in the oral cavity.
However, the possibility of a mechanics-driven subcritical crack growth mechanism is also interesting. This is illustrated in Fig. 12 and is referred to as the hydraulic fracture mechanism. Under contact stress, the viscous cement material may flow into defects at the bottom surface of the ceramic top layer. Such defects are induced by crown fabrication processes ͓3͔. The intrusive cement may ''glue'' the crack walls, making it harder to propagate ͓19͔. On the other hand, the cement exerts pressure on the crack faces. Combined with the tensile stress caused by Hertzian contact, the pressure can cause crack growth when the crack driving force reaches the subcritical crack growth thresholds. In the next part of this section, we will develop a fracture mechanics model to explore the possible role of the hydraulic fracture mechanism. A crack from the interface in an infinite large body is applied by the stresses 1 and 2 . The crack is partially filled with cement with pressure 2 . The length of the crack is a and the length of the cement in the crack is c The structure is shown in Fig. 12 . The stress intensity factor can be estimated as ͓19͔
where f ()ϭ(0.825Ϫ0.115)sin Ϫ1 (), ϭc/a, and ␤ϭ 2 / 1 . Plots of K/( 1 ͱa) versus are presented in Fig. 13 for different stress ratio ␤. We can see that when the cement flows into the crack, the stress intensity factor will increase as long as 2 Ͼ0. For a ceramic, which has a subcritical stress corrosion cracking threshold of 0.7 MPa•ͱm, if aϭ10 m, 1 ϭ100 MPa, 2 ϭ50 MPa, then Kϭ0.7 MPa•ͱm when ϭ0.3. This clearly shows that subcritical crack growth can occur due to the hydraulic fracture mechanism. Hence, when the stress intensity factor reaches the crack growth threshold, K c , stable crack growth can occur. This gives the crack growth condition as:
(2) Figure 14 shows the stress intensity factor, K/( 1 ͱc), as a function of crack length, a/c. We can see that if 2 Ͼ0, crack growth occurs. However, as the crack grows, the stress intensity factor caused by the pressure of the cement, 2 , will decrease, while that caused by the remote stress, 1 , will increase. As a result, the stress intensity factor will decrease first and then increase as the crack length increases. If K drops below K c , crack growth stops until the cement flow increases the K to K c or above. The crack growth speed can be obtained by differentiating Eq. ͑2͒ with respect to time, t This gives
where c ϭc c /a c satisfies Eq. ͑2͒. When the crack length exceeds a critical length, the K exceeds the fracture toughness, K Ic , and the crack will grow catastrophically. By setting da/dt→ϱ, the critical crack length can be obtained as
where Ic satisfies the following relation: Figure 15 shows the relation between K Ic /( 1 ͱa c ) and ␤. It is clear that when 2 increases, a c will decrease. However, before the crack reaches the critical length, it will grow in a stable manner. To estimate the growth rate, we need to specify the cement flow rate into the crack. If we assume that the cement flow is fully developed, under a constant pressure differential, and the crack surfaces are nearly parallel. The cement flow rate can be expressed as ͓20,21͔:
where H is the distance between two crack faces at the bottom of the crack, is the viscosity of the cement, and are the surface tension and wetting angle. Substituting Eq. ͑6͒ into Eq. ͑3͒ leads to the crack growth rate for the crack configuration shown in Fig.  12 as:
Equation ͑7͒ may be used to estimate the crack-tip mechanicsdriven crack growth rate due to the hydraulic fracture mechanism. By substituting parameters summarized in Table 2 into Eq. ͑7͒, da/dt is estimated on the order of 3ϫ10 Ϫ6 m/s. Assuming that this is an average crack growth rate, this could lead to crown failure in ϳ10 years of occlusal activity. It is important to note that the model we described here is a plane strain model, which is different from the shape of the radial subsurface cracks in dental restorations. But the qualitative picture described by our model should be generic.
Summary and Concluding Remarks
This paper presents the results of a combined experimental and analytical/computational study of contact damage in multilayers that are relevant to dental restorations. A summary of the results and salient conclusions arising from this work is presented below.
1. Contact-induced deformation of the trilayer structure occurs by elastic deformation of the top ceramic layer, and viscoelastic deformation of the epoxy join and ceramic-filled polymer foundation layers. The elastic and viscous properties of the different layers have been extracted from compression experiments on the trilayer structures and foundation layers.
2. Finite element models have been used to model the stress build-up in the top ceramic layers due to viscous deformation of the cement join and ceramic-filled polymer foundation layers. The results suggest that the stress build-up, due to viscous deformation alone, is insufficient to cause cracking in the top ceramic layer. This is consistent with the experimental results from the creep tests.
3. The observation of cracking under cyclic Hertzian contact loading is attributed to the stress build-up in the top ceramic layer due to ratcheting phenomena or subcritical crack growth mechanisms. Ratcheting is exacerbated by the presence of defects ͑cracks/notches͒. Similarly, subcritical crack growth is associated with the existence of pre-existing notches or cracks. It may occur by stress corrosion cracking, or by a mechanics-driven hydraulic fracture mechanism. 
